Abstract. Diffraction phase microscopy approach with a combined use of transmission and in reflection imaging modes has been developed and applied for non-invasive quantitative assessment of the refractive index of red blood cells (RBCs). We present theoretical background of signal formation for both imaging modes accompanied with the results of experimental studies. We demonstrate that simultaneous use of the two modes has a great potential for accurate assessment of the refractive index of biological cells and we perform reconstruction of spatial distribution of the refractive index of RBC in 3D.
Introduction
Diffraction phase microscopy (DPM) is a novel quantitative imaging technique, introduced in 2006 [1] . Since then this microscopy approach has been used extensively for advanced studies in cell biology including reconstruction of cell profiles and in particular the shape of red blood cells (RBCs) [2] [3] [4] . DPM has been successfully employed for translational clinical studies of growing cell colonies [5, 6] . Being designed originally for operation in transmitted mode, the DPM was extended for the measurements in reflection mode with a primary aim to investigate cell's microrelief [7, 8] .
The results obtained with DPM demonstrate high efficiency of this microscopy-based approach especially for quantitative assessment of 2D phase maps of transparent objects. The DPM is based on common-pass interferometry with non-separated reference arm. In other words, in comparison to the conventional micro-interferometry and micro-holographic modality, the optical scheme of DPM is simplified [4] . A key advantage of DPM is an ability of single-shoot capturing imaging mode that is extremely important for the observation of fast time-dependent dynamic processes [4, 8] .
In spite of obvious advantages of DPM there are a number of complexities associated with the wave interference in the image formation. Nevertheless, combined with spatial filtration DPM becomes extensively sensitive to a particular experimental realization [9] . From this point of view, selection of a spatial filter and an illumination aperture is critically important and can a reason of a systematic error in the phase map reconstruction. 3 Biological tissues possess a complex heterogeneous structure and a high variability in optical properties [10] . Quantitative assessment of the refractive index of biological tissues as well as individual cells is one of the hot topics in the field of modern tissue optics [10] [11] [12] [13] . Despite of the long history of the development, currently available techniques are able to provide only an averaged value of the refractive index within cells. The primary aim of the present study is to develop a technique for direct quantitative assessment of RBCs refractive index by diffraction phase microscopy utilizing both transmission and reflection illumination modes.
Diffraction Phase Microscopy with Transmission and Reflection Modes
We implement both transmitted and reflected DPM illumination modes for simultaneous registration of their light fields. To demarcate modes at the detector the light sources with different central wavelengths are used. The basic principles of the DPM experimental setup are schematically presented in Fig. 1 . The common pass interferometer scheme is employed to acquire optical field phase distribution. The microobjective MO (ECEPIPLAN 40x/0.6, Carl Zeiss, Germany) and the tube lens TL produce an image of the object on the image plane IP. The DPM module (see Fig.1 ) is based on the 4f optical system that consists of two achromatic lenses (mounted achromatic doublets, 1", 400-700 nm, Thorlabs, Germany) with the focal length of 50 mm and 100 mm. The input plane of the 4f-system (the front focal plane of lens L1) coincides with the image plane of the microscope and an in-house made holographic diffraction grating with 100 lines per millimeter. In all experiments the grating line is oriented at 45 to the detector matrix.
The diffraction phase module contains a 4f-system (L1-L2, in Fig.1 ) with a diffraction grating DG in the input plane coinciding with the output plane of the microscope. Thus, the resulting 4 microscopy image of the cell/tissue sample is combined with the image of the interference fringes produced by DPM in the plane of the detector matrix of the CMOS camera.
The diffraction grating is a key element in the experimental setup (see Fig.1 ). Light propagating through it produces multiple diffraction orders and the optical field of the image plane. These optical fields combine information about the spatial structure of object. Lens L1 placed immediately after DG produces Fourier transform of the optical fields. The resulting spatial spectra are formed in the rear focal plane of the lens known as the Fourier plane. Spatial filter SF (see Fig.1 ) is used for extraction of 0 th and +1 st diffraction orders, which are directly involved in the interference image formation. Fig. 1 . Schematics of the experimental setup of the diffraction phase microscope utilizing transmission and reflection illumination modes. Here, LS1, LS2 are the laser light sourses; C1, C2 are the condensers; Col is the collector; S is the sample; MO is the microobjective; TL is the tube lens; DG is the diffraction grating; IP is the image plane; FP is the front plane; RP is the rer plane; L1, L2 are the Fourier lenses; SF is the spatial filter; CMOS is the CMOS camera. Spatial filter: D is the first order window diameter; D0 is the the zeroth order window diameter. 
are the spatial spectra of the functions
; u, v are the spatial frequencies:
The optical field in the Fourier plane for the amplitude sinusoidal diffraction grading can be approximated as:
where d is the grating period, m is the diffraction order (
The aberrations are not taken into account and apertures of optical elements are assumed to be infinite. The equation (3) The inverse Fourier transform of the field behind the spatial filter is carried out by a second lens with the focal length f2. In the registration plane (RP), the optical field is defined by the inverse Fourier transform and is described as:
where
defines the spatial spectrum of the transmission function of the filter, which is described in the section below.
Spatial filter
DPM technique is based on the spatial filtration of the object optical field in the Fourier plane. The multiplied spatial spectra of IP f are used as the object and reference fields, but only two diffraction orders are employed. The 1 st order produces the object field and represents the object field, whereas due to its higher intensity the 0 th order is used as a reference field. The other diffraction orders are 7 blocked by the spatial filter; several specific conditions restricts the size of the SF windows of spatial filter in dual-mode DPM. Basics of image formation in DPM are illustrated by Fig. 2 . Low-pass filtration is applied to 0 th order to create an optical field with the quasi-uniform distribution of phase and intensity. The window size of the filter is determined from the general theory of diffraction pattern formation [16] . The diffraction of light on a round window is described by Bessel function of the first type and first order [17] . If the window is small enough, the thinnest structure of the optical field placed in front of the filter does not influence the optical field behind the filter; the output field is determined by the window size only. The diameter of the window should obey the condition:
where D is the diagonal of detector matrix in RP (usually the smallest aperture of last two elements of the optical scheme), , where 2 is the central wavelength of the red light. The window should be large enough to pass maximum spatial frequencies of the object field. The maximal spatial frequencies are inversely proportional to the smallest feature of the object image in the image plane and can be determined from the microscope resolution and diffraction angle equations:
where NA is the numerical aperture of the micro-objective, M is the microscope magnification and For the monochromatic light with a wide spatial range the diffraction grating can be imposed by the neighboring diffraction orders. After calculations, the region free of the spectral overlapping is estimated as
The transmission function of the spatial filter can be written as: 
Here, -1 st diffraction order is neglected due to the blocking by the spatial filter, is the scaling factor. 10 
Towards aperture of the illumination system
As one can see from Equation (8) FP .
A model of a composite light source [16] has been applied to find suitable size of the extended light source that can accurately fit the DPM. The source function is defined as:
where  is the angle of view of the source from the object plane. Equation (9) is written for the Fourier plane and describes two point light sources. One of them is positioned on the optical axis of the setup and the second one is shifted from the axis and can be seen at an angle . Therefore, the aperture of the illumination system is defined as  sin 
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Thus, equation (8) can be presented as:
It is clearly seen from (10) 
Principles of Phase Measurements
In our experiments, the intensity of the interference pattern with the phase delay induced by the object under the study with DPM is described as [18] : 
where φtran (x, y) and φref (x, y) are the phase delays, respectively, for transmission and the reflection wave fronts.
Refractive Index Measurements
The phase delay is observed in the plane of the object, defined for a particular illumination mode (see Fig.3 ). The phase delay of the transmitted wave (WF1) in defined by a coefficient proportional to the optical thickness l of the sample and the difference between the sample refractive index nobj and the refractive index n0 of the surrounding media [19] [20] [21] 
where λtran is the wavelength of the transmitted light, h is the geometrical thickness. The reflected wave keeps information about the relief and the geometrical thickness of the sample. The phase of this wave is expressed as [4, 19] :
where λref is the wavelength of the reflected light. It is anticipated that the refractive index of the environment is spatially uniform in the reflection mode, and is described as n0(x,y)=const. 13 The phase of the sample field can be defined quantitatively from the detected signal complex amplitude, e.g. by using the Hilbert transform or by the double Fourier transform [22, 23] . The twodimensional refractive index is calculated as the phases ratio: l is the optical thickness; h the is the geometrical thickness; n the is the refractive index; and n0, nobj, npl are the refractive indices of the air, sample and blood plasma, respectively.
Samples with the "plasma -RBC" mixture in blood smear of a healthy volunteer were used in the measurements. The samples were prepared by the standard approach described earlier [16] .
Results and Discussion
Typical images of RBC obtained by DPM technique is shown in Fig.4 . For each color channel the one-shot own interference picture is registered. The software developed in house is used to demarcate signals from two color channels. We employ simultaneously transmitted and reflected illumination modes of DPM. To separate the detected signals in correspondence to each mode the He-Ne laser (λ0=632.8 nm) for the transmitted mode and a green semiconductor laser (λ1=532 nm)
for the reflected mode were used. To allow detection of the both reflected and transmitted light simultaneously, different colour channels were utilized.
14 The double Fourier transform algorithm is used to perform image processing. First, the both color channels were separated for further transforms. Each interference picture was processed with the double Fourier transform algorithm with spatial spectrum filtering [23] , and after that the sample thickness was calculate quantitatively from the phase map of each illumination mode.
(a) (b) (c) that immersion is not used in our experiments and the refractive index of air is assumed to be 1.
The measurements were carried out with an assumption that RBCs are completely surrounded by blood plasma. The interference patterns, the profiles and the full-field thickness of human RBCs for the transmission and reflection modes are presented in Fig.4 . An average value of the RBC refractive index was found to be nmedium=1.39.
The presented DPM-based experimental study demonstrates the technique suitable for the refractive index measurements. The refractive index of the blood plasma in whole blood varies from 1.358 at the wavelength of 400 nm to 1.344 at 700 nm [24, 25] , whereas the RBC has a higher refractive index than the plasma [26] . 1 . Schematics of the experimental setup of the diffraction phase microscope utilizing transmission and reflection illumination modes. Here, LS1, LS2 are the laser light sourses; C1, C2 are the condensers; Col is the collector; S is the sample; MO is the microobjective; TL is the tube lens; DG is the diffraction grating; IP is the image plane; FP is the front plane; RP is the rer plane; L1, L2 are the Fourier lenses; SF is the spatial filter; CMOS is the CMOS camera. Spatial filter: D is the first order window diameter; D0 is the the zeroth order window diameter. 3 . Principles of the refractive index measurements. WF1 and WF2 are the transmitted and reflected wavefronts; l is the optical thickness; h the is the geometrical thickness; n the is the refractive index; and n0, nobj, npl are the refractive indices of the air, sample and blood plasma, respectively.
Fig. 4.
Interference patterns and intensity profiles obtained from a human red blood cell at the transmission illumination mode (the upper row), in the reflection illumination mode (the middle row) and in the combined signal detection (the lower row). 3D color-coded maps show the optical thickness (a), the thickness (b) and the refractive index (c).
